A series of vanadia catalysts supported on the mesoporous silica SBA-15 are synthesized using an automated laboratory reactor. The catalysts contain from 0.6 up to 13.6V atoms/nm 2 and are structurally characterized by various techniques (BET, XRD, SEM, TEM, Raman, IR, UV/Vis).
Introduction
Vanadium oxide is considered one of the most important compounds in metal oxide catalysis. [1] It is used in a variety of important industrial oxidation processes, like the oxidation of SO 2 to SO 3 , the oxidation of benzene to maleic anhydride [2] and o-xylene to phtalic anhydride, [3] or the selective catalytic reduction of NO x . [4] Additionally, there is a strong interest in selective dehydrogenation (ODH) reactions of light alkanes to the corresponding alkenes. [5] However, only the selective oxidation of n-butane to maleic anhydride has been commercialized using vanadyl pyrophosphate as a catalyst. [6] For smaller alkanes, this catalyst is much less efficient. [7] Therefore, lots of attention has been devoted to the search for improved vanadia-based catalysts for the ODH of ethane and propane. [8] Complementary research has focused on the geometric structure of supported vanadia catalysts and especially how structure can be related to catalytic performance. [9] [10] [11] [12] Despite all this effort, the exact nature of the active site remains the topic of controversial discussions.
Highly ordered mesoporous supports with a large surface area allow for the deposition of a large number of well-defined two-dimensional vanadia species, affording precise spectroscopic investigation of their geometric and electronic structure. SBA-15 is a mesoporous silica material with uniform hexagonal channels, a narrow pore size distribution, surface areas above 800 m²/g, and considerable hydrothermal stability due to a sufficient thickness of the framework walls. [13, 14] All these properties make it a preferable support material for model catalysts. [15] Moreover, vanadia supported on SBA-15 has shown considerable catalytic activity in the ODH of propane. [16] While the possibility to tune the mesoscopic properties of SBA-15 by slight modifications in the synthesis makes it a versatile material, [13, 14] this creates problems in the reproducibility of the support and batch effects are commonly observed. In this paper, a controlled and reproducible synthesis of well-defined SBA-15 supported vanadia catalysts is described making use of an automated laboratory reactor. The up-scaled SBA-15 batch size is sufficient for the preparation of a series of catalysts with different loadings from the same support. The catalysts are structurally characterized by BET, XRD, SEM, TEM, Raman, IR, and UV/Vis spectroscopy. Their catalytic performance is tested thoroughly in the ODH of propane. It is shown that at low loadings the structural and catalytic properties of the samples vary only moderately. Only at loadings, at which three-dimensional, bulk-like vanadia species coexist, the catalyst shows marked differences in its catalytic behavior.
Experimental

Catalyst synthesis
SBA-15 was synthesized based on an up-scaled original recipe of Zhao and co-workers. [13, 14] The process was automized in a laboratory reactor (LabMax, MettlerToledo) that provides precise control of the operating conditions (temperature, pH, stirring rates) and process data recording. In particular, practically no temperature gradients occur within the reaction vessel that allows synthesis of homogeneous, well-defined SBA-15 in large batch sizes. In brief, 36.6 g of the triblock co-polymer EO 20 PO 70 EO 20 (EO = ethylene glycol, PO = propylene glycol, BASF Pluronic P123) were dissolved at 35 °C in 270 ml of doubly distilled water and 1080 ml 2M HCl, yielding a clear solution after several hours. Subsequently 81 ml of tetraethoxysilane (TEOS, 99+ %, Alfa Aesar) were added drop wise. The solution quickly turned cloudy and was stirred for 20 h at 35 °C. After aging for 24 h at 85 °C, the suspension was filtered and washed ten times with distilled water and ethanol over a nutsch filter (frit with porosity 4) and a vacuum flask, stirring the filter cake occasionally. The resulting white powder was dried at 150 °C for 2 h and calcined in static air at 550 °C (heating rate 1.5 °C/min) for 12 h. After cooling down to room temperature, up to 25 g of SBA-15 were obtained. The subsequent loading of SBA-15 with vanadia was achieved by a grafting/anion-exchange procedure. [17, 18] The first step consisted of a surface functionalization using 3-aminopropyl-trimethoxysilane followed by protonation of the resulting amine with HCl. Under stirring, the wanted amount of butylammonium decavanadate [BuNH 3 ) 6 V 10 O 28 ] was added to a batch of 10 g functionalized SBA-15 in 300 ml water at room temperature and allowed to undergo ion exchange for 12 h. The resulting yellow powder was filtered, washed, and calcined for 12 h at 550 °C (heating rate 1.5 °C/min). The nominal loadings of the catalysts were 2, 4, 6, 8, and 20 wt % (corresponding to the vanadium content).
Physical characterization
Surface areas of the prepared samples were measured by nitrogen adsorption/desorption isotherms at -196 °C and standard multipoint BET analysis methods using a physisorption/ chemisorption analyzer (AUTOSORB-6, Quantachrome). Before adsorption, the samples were degassed by heating in vacuum to 120 °C for 16 hours. Pore size distributions were calculated from the desorption branch of the isotherms applying the NLDFT method in the software package of the AUTOSORB-6.
Morphology studies and shape analysis were performed with SEM using a Hitachi S-4800 instrument with an acceleration voltage of 1.5 kV. For SEM investigations, the sample was deposited on carbon tape.
The pore-and microstructure of the catalyst was investigated by TEM using a Philips CM 200 FEG microscope operated at 200 kV and equipped with a Gatan CCD camera for image acquisition. The specimens were prepared by dry dispersing the catalyst powder on a standard copper grid coated with holey carbon film.
The loading of vanadia on the SBA-15 support was checked both with EDX using the above SEM with an acceleration voltage of 10 kV, and ICP-AES after dissolving the sample in HF.
The pore diameter and wall thickness was also determined by small angle x-ray diffraction using a STOE STADI-P transmission diffractometer, equipped with a primary focusing Ge monochromator (Cu K α radiation) and a scintillation counter. The presence of large amounts of crystalline V 2 O 5 could be excluded by x-ray diffraction using the same diffractometer, but applying a position sensitive detector.
UV/Vis spectra were taken in a Harrick cell of a Perkin Elmer Lambda 650 instrument. To avoid saturation on strong resonances the samples were diluted twenty fold with bare SBA-15 from the same batch. Spectra were taken before and after the mixtures were heated to 450 °C, allowed to dry under a stream of synthetic air for one hour, and cooled to room temperature again. The blank SBA-15 support was used as reference spectrum.
For the Raman spectroscopy, samples were compressed into small plates and introduced into glass pipettes. After heating to 450 °C the pipettes were sealed and allowed to cool. The spectra were taken with a Trivista Ramansystem using 3 mW of a 488 nm Ar + laser.
Catalytic testing
The catalytic measurements were performed in a linear fixed-bed quartz reactor (6 mm i.d.) at atmospheric pressure. Between 60 and 400 mg of the catalyst, depending on its loading, were diluted with inert SiC in order to improve the heat transfer and introduced into the reactor. Mass transfer limitations were avoided using particle sizes of 200-315 μm. For the measurements of apparent activation energies a stochiometric ratio of propane to oxygen of 2 was used (29.1 % C 3 H 8 , 14.5 % O 2 , 56.4 % He) and the temperature was varied between 380 and 450 °C in 10 °C steps. In order to compare the selectivity of the different loadings, the total flow of a stochiometric mixture was varied between 7.7 and 50.8 ml/min at a fixed temperature of 430 °C. The reaction order in oxygen and propane was determined by varying the flow of one component and keeping the other one fixed at a constant total flow. The propane conversion was kept below 10%, ensuring isothermal and differential conditions. The reactor was surrounded by a 20 cm long heating cartridge serving as a source of heat to provide near isothermal operating conditions. Feed and product components leaving the reactor were analyzed by an on-line micro GC (Varian Micro-GC 4900) with four TCD detectors. The only significant carbon-containing species detected have been C 3 H 8 , C 3 H 6 , CO, and CO 2 . The carbon balance based on these molecules was within less than 1 % exact.
Result and Discussion
Catalyst Morphology
The synthesis of SBA-15 in an automated lab reactor allows for the preparation of fairly large amounts of the support. Table 1 summarizes the SAXRD, BET, EDX, and ICP-AES results obtained for the support and for five different nominal loadings. 2, 4, 6, 8, and 20 wt% of the decavanadate had originally been added to the functionalized SBA-15. The ICP and EDX results show that these loadings have actually been achieved for all samples quite precisely except the one, which was supposed to contain 20 wt% vanadium. Using incipient wetness impregnation the monolayer surface coverage of vanadia on silica has been proposed to be less than 0.7 atoms per nm² and thus lower as compared to other oxide supports. This has been explained by the lower density and reactivity of silica surface hydroxyls. [10] Unlike the incipient wetness method, the grafting/ion-exchange approach includes a thorough rinsing step after the ion exchange. At this point almost all decavanadate that is not directly bond to the support is washed away. In this regard, the ion/exchange method is similar to the controlled grafting process through atomic layer deposition (ALD). Using ALD, of an original V-loading of 21.6 wt% only 9.2 wt% were measured to be present on the final catalyst. However, this loading corresponds to a surface density of 1.91 atoms per nm². [19] In the case of sample 14V/SBA-15 the surface density is much higher with 13.6 atoms per nm². This value is far above the threshold, after which usually crystalline V 2 O 5 is observed. In previous reports using the grafting/ion-exchange method, the maximum dispersion of vanadium on SBA-15 has been reported to be 7.2 wt%, corresponding to 2.3 atoms per nm². [ Fig. 1 shows the nitrogen adsorption/desorption isotherms for the various loadings. The surface area decreases substantially from the blank to the loaded catalysts (Table  1) . For the lower loadings this is mainly do to the grafting step. [18] All samples exhibit type IV isotherms with an HItype hysteresis, indicative for the intact large-pore SBA-15 with 1-dimensional cylindrical channels. Even for the heavily loaded sample 14V/SBA-15, the mesopores are not plugged, [20] although the surface area is less than 15 % of the blank SBA-15 support. The unperturbed pore structure is also visible in the TEM images (not shown). No evidence of crystalline V 2 O 5 condensed on the surface is visible. The even distribution of the vanadia is also confirmed by EDX mapping. Like the surface area, also the pore diameter (Table  1) is reduced upon the initial grafting step in the synthesis. After loading with 2-8 wt% of vanadium, however, the pore diameter remains constant. Only at the highest vanadia concentration it decreases by 3 Å. With the a(100) spacing from SAXRD (Table 1 ) and the pore diameter, a mean vanadia-layer thickness can be estimated. For 2V-and 4V/SBA-15 the wall thickness is virtually identical to the blank sample, while it increases to a value of 3 Å for 6V-8V/SBA-15, and 6 Å for 14V/SBA-15. 
Spectroscopic characterization of the supported vanadia species
The role of water on the dispersion of vanadia on silica has been the topic of many studies. [22] [23] [24] [25] Hydrated vanadia species on silica consist of layers of polymerized vanadia with the transition metal in pseudo-octahedral coordination. [22] A water molecule is bound to about every second vanadium atom in a fully hydrated sample. [11] Upon dehydration the species depolymerize and dimers and oligomers of tetrahedrally coordinated VO 4 units are formed. The dehydrated catalysts have been measured by low temperature UV/Vis spectroscopy as shown in Fig. 2 . All spectra are characterized by oxygen→vanadium charge transfer (CT) bands. The position of these bands can be used to estimate the coordination and the degree of polymerization of the vanadia species since polymerization of VO 4 and VO 6 units shifts the CT band towards lower energy. [22, 26] All hydrated samples (spectra not shown) show transitions at ~260 and ~370 nm, with an absorption tail extending into the visible region. Since the absorption bands of NH 4 VO 3 and NaVO 3 at 288/363 nm and 281/353 nm, respectively, are assigned to tetrahedrally coordinated polyvanadate, [22] the transitions observed for the hydrated samples are indicative for the presence of polymerized vanadia species. In the case of the dehydrated catalysts, one major band is observed for each sample, whose edge and maximum shifts towards lower energies with increased loading (Fig. 2) . The presence of just a single CT band at high energy and the rather similar band positions for differently loaded V/silica catalysts (1-10 wt% V on amorphous SiO 2 ) has been argued to be indicative for the exclusive presence of isolated tetrahedral O=V(-O-Si) 3 species. [27, 28] Upon precise inspection of the highly resolved UV/Vis spectra of samples 2-14V/SBA-15, however, it can be seen that the peak in fact consists of at least two transitions centered around 250 and 300 nm. These two peaks have been postulated to be due to isolated V sites as well as oligomeric V-O-Vspecies. [29] The contribution around 300 nm is dominating in the spectra of the catalysts with loadings > 2.1 V atoms/nm 2 , while at lower loadings the peak maximum is clearly located below 300 nm suggesting the dominance of monomeric species for the catalysts 2-6V/SBA-15 (0.6-2.1 V atoms/nm 2 ). This is in line with findings for vanadia on alumina, where for loadings larger than 1.2 V/nm², monoas well as polyvanadates have been observed to co-exist. For loadings higher than 4.4 V/nm² on alumina also some V 2 O 5 was present. [30, 31] Recent resonant Raman spectroscopy studies with different excitation-laser wavelengths even point to the presence of three different monomeric VO 4 species on alumina at a loading as low as 0.16 V/nm², although only a single band is resolved in the UV/Vis spectrum. [32, 33] The presence of a mixture of different species, including non-monomeric vanadia, has been transmitted also to vanadia on SBA-15, based on near-edge X-ray absorption fine structure (NEXAFS) measurements. [34, 35] The shift in the edge energy and adsorption maxima of the dehydrated V/SBA-15 samples in Fig. 2 could thus be due to a changing degree of polymerization. It is known that the electron density of metal oxide domains depends on the particle size. The local electron density decreases for larger particles and the electrons become more delocalized, leading to lower edge energies. [36] In any case, in agreement with XRD, an absorption band near 500 nm, which would indicate the presence of bulk vanadium oxide, has not been found in the UV/Vis spectra, even not for the sample with the highest vanadium loading, but the increase in intensity above 400 nm for 4-14V/SBA-15 suggests progressive polymerization. The Raman spectra of V/SBA-15 obtained upon excitation with 488 nm light are shown in Fig. 3 . The vibrational resonance at 1047 cm -1 , dominating the spectra of 2-8V/SBA-15 in Fig. 3 , has been argued to be due to the V=O stretch of monovanadate species. [9] It is clear that the peak originates from a monoxo V=O stretch vibration, as re vealed by 18 O labeling. [28, 37, 38] However, monomeric and oligomeric vanadia species cannot be discriminated by vibrational spectroscopy since computations predict their V=O stretch vibrations very close together between 1025-1050 cm -1 . [39] As can be seen in Fig. 3 , the peak at 1047 cm [22, 27, 28] However, this band shifts upon 16 O- 18 O isotope exchange although it was found that the silica support vibrations do not appear to have undergone significant isotopic oxygen exchange, [28] shading doubt on the above assignment. It cannot be excluded that the band at 1080 cm -1 originates from an in-phase V-O-Si vibration, [39, 40] or, since the intensity ratio of the peaks at 1047 cm -1 and 1080 cm -1 is not constant but increases with increasing vanadium loading, from two vanadyl groups, which are structurally different. For 2-8V/SBA-15, a weak peak around 925 cm -1 is visible in the Raman spectra. Its assignment has been the topic of an extensive discussion in literature. Assignments range from V=O stretch vibrations in polymeric vanadia chains, [26] to polymeric V-O-V vibrations, [37, 41] to peroxo O-O stretching vibrations in an umbrella type O=V(O 2 )OSi species, [42] or to a dihydroxy species O=V(OH) 2 (O-Sup) with just one vanadiumsupport bond. [43, 44] However, quantum chemical calculations based on density functional theory find V-O-V vibrations to appear below 800 cm -1 , [39] while the observed V-OH modes were probably due to hydration effects. [21] The band at 925 cm -1 is thus assigned to an out-of-phase vanadium-silicon support vibration, in agreement with recent literature. [30] [31] [32] [33] 39] The presence of three-dimensional (bulklike) vanadia can be sensitively monitored using Raman spectroscopy, mainly by vibrational resonances at 144, 284, 303, 404, 482, 525, 702 and 994 cm -1 . [19, 22] All these peaks are visible in the spectrum of 14V/SBA-15 in Fig. 3 . The vibrational resonance at 994 cm -1 appears also in the spectra of 6V and 8V/SBA-15, the peak at 144 cm -1 even in the spectrum of 4V/SBA-15, which is in agreement with the increase in intensity in the UV-vis spectra above 400 nm. However, one must consider that V 2 O 5 is much more Raman active than vanadyl species and only trace amounts of bulk-like vanadia are expected to be present on the catalysts with low vanadia loading, which may result from an incomplete removal of unbound butylammonium decavanadate in the washing step. In the case of 14V/SBA-15, the vibrational resonance at 1047 cm -1 proofs the existence of tetrahedral V x O y , which probably still constitute the main species. This is in line with the absence of absorption near 500 nm in the UV/Vis spectrum and with the lack of any V 2 O 5 reflexes in the diffractogram of 14V/SBA-15. In summary, bulk-like vanadia species are present, at the most, in trace amounts up to loadings of 3.1 vanadium atoms/nm² when deposited on SBA-15 with an ionexchange method. At loadings of 13.6 atoms/nm² threedimensional amorphous V 2 O 5 is formed but a substantial amount of vanadia remains highly dispersed in the intact channels of the silica support. The molecular structure of the catalysts does not depend significantly on the loading but the ratio of monomeric and oligomeric vanadia species changes with oligomeric species dominating for vanadia concentrations higher than 2.1 V atoms/nm 2 denoting that, most probably, a mixture of monomeric and oligomeric vanadyl coexists on SBA-15 already at a loading of 0.6 V atoms/nm 2 .
Catalytic activity in the ODH of propane
Using a stochiometric mixture of propane and oxygen in He and a reaction temperature between 380 and 450 °C, a stationary state was reached after 5 min under all conditions and stable performance was observed for the duration of the experiments (12 h). The catalysts were operated in the oxidative regime with a maximum oxygen conversion of 60 %. Under these conditions the selectivity decreases with increasing propane conversion for all catalysts (not shown). This is due to the consecutive combustion of C 3 H 6 to CO and CO 2 , a reaction bearing a lower apparent activation energy than the initial ODH of C 3 H 8 . [45] The overall yields (for example ~3 % at 430 °C, see Table  2 ) are considerably lower than reported values for vanadia/SBA catalysts (up to ~30 %). [16, 29, 46] This can be explained by the lower reaction temperatures in this work as compared to 550 and 650 °C used in the cited studies. A higher temperature leads to a higher selectivity, [45, 47, 48] a direct consequence of the lower apparent activation energy of the consecutive deep oxidation. Moreover, gas phase reactions may additionally contribute in a considerable manner to the product spectrum at reaction temperatures above 550°C. Another explanation could be found in the preparation method of the catalysts used in this study. The reason for the higher selectivity of V/SBA-15 catalysts as compared to vanadia supported for example on MCM-41 was argued to be due to a fast transfer of propene away from the active sites, thus preventing deep oxidation. [29, 46] However, in the present work the inner pore diameter of SBA-15 matches the mean diameter of the SBA-15 material studied by Liu et al., [29] even though in the functionalization step of SBA-15, the pore diameter is significantly decreased. Especially the pore diameters of the vanadia containing catalysts are favorably high and decrease only slightly with increasing vanadia content demonstrating the benefits of the V grafting procedure by ion exchange. Reduced mass transfer within the pores might be reflected by the observation that for conversion levels above 4%, the selectivity at constant conversion decreases with increasing vanadium content. However, the selectivity is not clearly related to the pore diameter and the catalyst 14V/SBA-15 shows a dependency other than the catalysts with lower V content suggesting that rather the nature of the active species dominates the shape of the curves. The only major reaction products are CO, CO 2 , and C 3 H 6 . C 2 H 4 (>2% selectivity), acrolein, and acrylic acid formation (both >0.1 % selectivity) are not observed in significant amounts, which is in contrast to some earlier studies [11, 16, 29, 49] and possibly due to the lower reaction temperature and due to differences in the feed composition. Iglesia and co-workers found a selectivity maximum at intermediate vanadia loadings on various supports, which was linked to the prevalence of V-O-V sites. [9, 47] In this work no obvious trend is visible from the selectivity reported in Table 2 and all catalysts behave rather similarly, as was noticed for vanadia on an MCM-41 support. [50] This is in line with the finding that for vanadia on SBA-15, the molecular structure of the catalyst does not change significantly with loading. Table 2 summarizes the kinetic results of V/SBA-15 in the ODH of propane, apparent activation energies and reaction orders. Arrhenius plots yield apparent activation energies between 134 and 151 kJ/mol. For 2V/SBA-15 (0.6 V/nm²) the value of 134 kJ/mol lies between the experimental activation energies for propane ODH using vanadia/MCM-41 catalyst (122 kJ/mol for >5 V/nm²) [50, 51] , a calculated value for a silica supported vanadia model catalyst (123 kJ/mol) [51] and a barrier of 146 kJ/mol using 0.3 V/nm² on amorphous silica. [48] A kinetic investigation for a V/SBA-15 catalyst with 2.7 wt% vanadia yielded a significantly lower apparent activation energy of only 103 kJ/mol. [52] The activation energies measured here are simi lar for all catalysts. For the low loaded species an excellent reproducibility is observed for repeated measurements, also when using a fresh catalyst (squares, circles, and triangles in left panel of Fig. 4) . The situation is different in the case of 14V/SBA-15. Using a fresh catalyst, a very high apparent activation barrier of ~165 kJ is obtained upon measuring the conversion between 380 and 450 °C (squares in right panel of Fig. 4) . In subsequent runs, the activation energy drops to ~140 kJ/mol (triangles and circles in right panel of Fig. 4) . While the catalysts 2-8V/SBA-15 are very stable and reproducible in their catalytic performance, 14V/SBA-15 behaves highly dynamic. This must be connected to profound changes in the structural properties of this particular catalyst. 14V/SBA-15 is the only sample, for which a substantial amount of bulk-like V 2 O 5 was found to be present, as proven by the Raman spectra. The other samples are characterized by a mixture of monomeric and polymeric vanadyl species of different domain size. Thus, it is not the degree of polymerization of the vanadia species that changes the apparent activation barrier for ODH, but it is obviously the ratio of two-dimensional polymeric species and threedimensional bulk-like V 2 O 5 that plays the crucial role. The importance of monomeric vanadyl species is therefore questioned.
Assuming a first order rate law, [45, 52] the reaction order of propane is close to one (Table 2 ). This reflects the participation of propane in the rate determining step, which is the abstraction of the first hydrogen atom. [51] With a value of ~0.3 the reaction order of oxygen is much lower,
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showing that the reoxidation of the catalyst is fast in comparison to the hydrogen abstraction. Still, the reaction order is not zero, in agreement with previous studies, [45, 53] and the reoxidation with O 2 is not instantaneous. This could be an explanation for the generally better selectivity of dispersed vanadia as compared to V 2 O 5 . It is known that a slower reoxidation of the vanadium center, for example by using N 2 O instead of O 2 , leads to a more selective reaction. [50, 54] Interestingly, the reaction order of oxygen decreases for 14V/SBA-15 (Table 2) , the sample that is known to contain unselective V 2 O 5 .
Conclusions
The use of an automated laboratory reactor allows for a controlled and reproducible synthesis of SBA-15 supported vanadia catalysts containing between 0.6 and 13.6 vanadium atoms per nm². A detailed spectroscopic characterization shows that up to a loading of 3.1 V/nm² the dehydrated catalysts show similar structures. They all contain a mixture of monomeric and polymeric tetrahedral V x O y species. The ratio of monomeric to oligomeric species and their domain size depends on the loading. The catalyst with 13.6 V/nm² contains tetrahedral V x O y but also a substantial amount of three-dimensional, bulk-like V 2 O 5 . The structural similarity of the lower loaded samples is reflected in their catalytic properties in the ODH of propane. The measured activation energies and reaction orders in propane and oxygen do not differ substantially. The clear transition point in the degree of oligomerization between 2 V atoms/nm 2 , where monomeric vanadia species dominate, and 3 V atoms/nm 2 , where oligomerized vanadia species are prevailing, is not reflected in qualitative changes in the reactivity. The activation energy of the high-loaded sample changes with reaction conditions, probably reflecting structural changes between amorphous, bulk-like vanadia and two-dimensional, highly dispersed vanadia species during time on stream. It therefore seems that not the presence of monomeric but rather of polymeric vanadia species plays the major role in the activation of propane.
